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I. INTRODUCTION
The iodine isotopes with Z = 53 and three valence protons outside the Z = 50 shell closure have attracted considerable interest because they exhibit a transition from more collective nature in the middle of the neutron shell to spherical shellmodel structure as the number of neutrons increases toward the N = 82 closed shell. Systematic experimental investigations of high-spin states using heavy-ion-induced fusionevaporation reactions have revealed the collective properties of the odd-A isotopes up to 127 I [1] [2] [3] . At the other extreme, the excited states in the closed neutron-shell isotope 135 I can be described well in terms of three-proton configurations, except for the levels above 4.2 MeV that involve the valence protons coupled to particle-hole excitations across the N = 82 shell closure [4] . Because 135 I is neutron rich, it cannot be populated in conventional fusion-evaporation reactions using stable beams and targets. Hence, several authors [4] [5] [6] have exploited fission of 248 Cm. The nuclei between these two extremes are expected to exhibit a coexistence of collective and shell-model structures, although spectroscopic information on the excited states is limited so far to information obtained in β-decay studies [7] [8] [9] .
In the present work, we have populated excited states in 131 I 78 and 133 I 80 using multinucleon transfer from 136 Xe, with the aim of understanding the effect of neutron holes on nuclear structure. In addition to previously known isomeric states with J π = 15/2 − and 19/2 − in 131 I and 133 I [7, 9] , Valiente-Dobón et al. [10] have suggested the presence of new isomers with half-lives in the nanosecond range, although they have not provided detailed level schemes. The adjacent even-mass 52 Te and 54 Xe nuclides exhibit 7 − and 10 + isomeric states [11, 12] , which are associated with two-neutron-hole configurations, νh 11/2 , respectively, coupled to inactive proton pairs, (π 2 ) 0 + . The analogous isomers have also been identified in the 50 Sn isotopes [13] , but the observed B(E2; 10 + → 8 + ) values in the Te nuclei are much larger than those in their Sn isotones. Genevey et al. [11] ascribed this enhancement to the mixing of proton 2 + components into the 8 + and 10 + wave functions. In the case of odd-Z isotopes, the unpaired proton couples to the neutron-hole states through effective interactions and induces strong configuration mixing of this kind via core polarization. The presence of a 23/2 + isomeric state in 129 Sb 78 and 131 Sb 80 (Z = 51) provides experimental evidence for a specific proton-particle and neutron-hole configuration of the type πg 7/2 νh −2 11/2 [14] . Whether such simple quasiparticle states persist with the addition of two protons or whether collective excitation patterns emerge are questions worth investigating. Spectroscopic information on 131 I and 133 I also serves as a test of the validity of a shell-model treatment in the case that a strong particle-hole repulsion exists in a multi-quasiparticle system. the primary purpose of studying relatively neutron-rich nuclei near the target isotopes [15] [16] [17] [18] . The targets were composed of metallic foils on Au backings, thick enough to stop the majority of reaction products at the target position. The effective beam energies range from about 20% above the Coulomb barrier at incidence to near the barrier at the rear of the targets. Under these conditions, a large number of fragments are produced through complex nuclear reactions, including multinucleon transfer between the projectile and target nuclei as well as fusion-fission processes [19] . Because isomeric states in 131 I and 133 I were observed with all of the targets, all data sets were in principle useful for the analysis. The details of the targets used in the analysis of the present work are summarized in Table I .
II. EXPERIMENTAL PROCEDURES
The γ rays were detected with the Gammasphere spectrometer [20] , in which 98 Compton-suppressed Ge detectors were operational. Most of the measurements were carried out with nanosecond-pulsed beams separated by 825 ns and with the coincidence requirement that three or more Ge detectors fired. The coincidence data sets were sorted into γ -γ -γ cubes, two-dimensional γ -γ matrices in coincidence with specific γ rays with appropriate relative and absolute time conditions, and also into ten γ -γ angular correlation matrices that were used to deduce transition multipolarities and determine the values of spins and parities. The number of detector combinations and the sets of angles that characterize the respective angular correlation matrices are summarized in Table II , where the value of θ av is calculated by taking the weighted average of angular differences between pairs contained in each data point from θ min to θ max . The number of detector pairs included in each correlation matrix ranges from 334 to 858, except for point 1, for which there are only 44 pairs. The data for this point is sometimes excluded from the angular correlation analysis, because its statistics are often too low to be reliable. The present selection provides a good compromise between the number of correlation points and obtaining reasonable statistics.
Additional measurements were carried out using macroscopically chopped beams with various beam on/off conditions. In these measurements, the coincidence requirements were relaxed to include events of twofold and higher, and data were only collected during the beam-off period. The decay of long-lived isomers was investigated by analyzing γ -γ matrices Table I . Figure 1 exhibits the level schemes for 131 I and 133 I established in the present work. Spin-parity assignments are based on the measured γ -γ angular correlations and total internal conversion coefficients. The results of angular correlation analysis and the deduced multipole mixing ratios are summarized in Table III. A.
III. DATA ANALYSIS AND RESULTS

I
The 15/2 − isomer at 1796 keV was previously reported with a half-life of 5.9 ns [7] . In the present work, a new isomeric state has been identified at 1918 keV. The coincidence spectra in Figs. 2(a) and 2(b) demonstrate that this isomer decays by a 122 keV transition to the known 15/2 − isomeric state. Table III ). The total internal conversion coefficient for the 122 keV transition derived from the intensity balance analysis is α exp T = 0.85(7), which is in good agreement with the theoretical value for an E2 multipolarity (α cal T = 0.868 [21] ). Therefore, the spin and parity of the 24 µs isomeric state at 1918 keV is assigned as J π = 19/2 − . In addition to the decays from the 24 µs isomer, a number of new γ rays were observed in the out-of-beam region. They are identified in the spectrum obtained with a double gate on the known 782 and 773 keV lines in 131 I, as seen in Fig. 2(a) . A careful investigation of the relative intensities and the coincidence relationships for the gated γ rays reveals that there are two more isomeric states in cascade. While Valiente-Dobón et al. [10] suggested the presence of a nanosecond isomer at 2352 keV, we identified this state to be located at 2350 keV, with decays via the 116-679 keV cascade followed by the 782 and 773 keV transitions. The γ rays populating this isomeric state have been identified in delayed coincidence with the 679, (Table III) .
New levels above the 23/2 + isomer in 131 I were identified by analyzing γ -γ coincidence matrices created in the out-ofbeam period with gates on the delayed 679, 782, and 773 keV transitions. The γ rays preceding the isomeric state are shown in Figs. 3(a) and 3(b) . Another new isomer was identified at 4308 keV, decaying by 702 and 1266 keV transitions. Furthermore, the observation of the 1202 keV γ ray and the 349-1055 keV cascade (the order of the latter transitions is ambiguous) parallel to the main isomeric decay branches suggests the presence of an unobserved 63 keV transition from the 4308 keV state. The relative intensities for the isomeric transitions are listed in Table IV . A half-life of 25(3) ns has been deduced from a least-squares fit of the time spectrum obtained with a double gate on the 702 and 563 keV γ rays [ Fig. 4(b) ].
The angular correlations between the γ rays feeding and deexciting the 23/2 + state were found to be isotropic, presumably because of the attenuation of the alignment at the intermediate T 1/2 = 42 ns isomeric state. Therefore, spins and parities for the 2841 and 3042 keV levels could not be determined. Given the lack of expected decays to the 19/2 + state at 2234 keV and to the 19/2 − state at 1918 keV via possible E2 transitions, the spins of these two levels must be J > 23/2. Furthermore, if the 2841 keV state had the same spin and parity as the 3042 keV level, the 4308 keV isomeric state would prefer to decay toward the lower level rather than toward the higher one. Assuming that the spin increases with excitation energy along the yrast cascades, and that the prompt γ -ray emissions are of E1, M1, or E2 character, except for low-energy transitions, the 2841 keV state most likely has a spin of 25/2 and there remains a possible spin-parity assignment for the 3042 keV level of 25/2 ± or 27/2 + depending on the parity assigned to the 2841 keV state. With deduced total transition intensities for the three branches from the T 1/2 = 25 ns isomeric state at 4308 keV, the transition strengths for all possible multipolarities are evaluated in Table IV . For the 702 and 1266 keV transitions, the total transition intensity, including conversion, is essentially equivalent to the relative intensity of each γ ray because the conversion coefficients will be small, while the total transition intensity for the 63 keV transition was derived from the sum of the γ -ray intensities of the 1202 and 1055 keV transitions from the 4244 keV state, as measured in the out-of-beam time period. The transition strengths in Table IV virtually rule out all J 3 possibilities for the 702 keV transition, and dipole transitions are unlikely to occur as the main decay branch given the large hindrances implied. Thus, this transition is likely to have a quadrupole multipolarity. Similar arguments lead to the suggestion of either M2 or E3 character for the 1266 keV transition. These arguments also imply that the spin changes by one unit at most through the 563 keV transition.
The γ -γ angular correlations were successfully extracted for the 563-692 keV and 702-563 keV cascades in 131 I (see Table III ). In the analysis of angular correlations, the mixing ratio of one of the coincident γ rays can be derived from the experimental values of the A 22 and A 44 coefficients by fixing the mixing ratio of the other. It is reasonable to assume the multipole radiations to be pure except for M1 transitions. The mixing ratio of a M1 transition is fixed to a finite value if it is independently known. For instance, the mixing ratio of 0.6 (2) , that was derived from the angular correlation between the 702 and 563 keV transitions, is assumed for a 563 keV, 27/2 + → 25/2 + (M1 + E2) transition in the analysis of the 563-692 keV correlation. With this constraint on the multipole mixing ratio and with the measured values of A 22 and A 44 , one can exclude not only the spin sequences for which there are no minima for the mixing ratio in the χ 2 distribution (below the 5% confidence level) but also the cases in which mixed E1 or E2 transitions are involved. For example, an assignment of 25/2 ± → 25/2 − → 23/2 + for the 563-692 keV cascade can be eliminated from the possible spin sequences because a fit of the observed A 22 and A 44 does not give a minimum in the χ 2 for the mixing ratio of the 563 keV transition when assuming that the 692 keV transition is of pure E1 character. Although a similar fit to a 27/2 ± → 25/2 − → 23/2 + sequence yields a mixing ratio of −1.2(7) for the 563 keV transition, indicating mixed M1 + E2 character, this value of the mixing ratio is inconsistent with that obtained from the 702-563 keV correlation (see Table III ). Therefore, the assignment of J π = 25/2 − for the 3042 keV level can be excluded from the possible spin-parity assignments. However, the values of J π = 25/2 + and 27/2 + are allowable for the 3042 keV state, provided that M1 + E2 mixed multipole transitions are involved in the 563-692 keV cascade. Previously studied levels in 133 I include the 15/2 − , 1728 keV isomeric state with a half-life of 170 ns [9] and the T 1/2 = 9 s isomer at 1634 keV [22] . The spin and parity of the 9 s isomer has been determined to be 19/2 − , based on the measured total conversion coefficient for the 74 keV M2 transition [9] . This level is the analog of the 19/2 − isomeric state in 131 I, which was identified in the present work (see preceding section). In 133 I, a level at 2436 keV has been suggested to be an isomeric state with a half-life of 780(160) ns in the preliminary work of Ref. [10] . From the present spectroscopic results, the 2434 keV state is assigned as J π = 19/2 + , implying that the 875 keV E2 deexcitation would be extremely hindered if this level were the isomer. Figure 2 (e) presents a low-energy spectrum observed with a dual gate on the 875 and 647 keV γ rays in the out-of-beam period. A γ -ray peak at 59 keV can be isolated from the x rays in the spectrum obtained with the 192 Os target. The γ -ray intensity balance analysis for the 59 keV transition results in a total conversion coefficient α exp T = 19(4), to which a theoretical prediction for an E2 multipolarity (α cal T = 11.9 [21] ) is closest. Thus, it is concluded that there is a new 2493 keV isomeric level in 133 I, the analog of the 23/2 + isomeric state in 131 I. The half-life of this isomeric state was determined to be 469(15) ns, as shown in Fig. 4(c) .
A second 15/2 + state has been identified at 2080 keV, populated in the decay path from the 23/2 + isomeric state in 133 I, similar to decays in 131 I. In 133 I, however, no indication of isomeric states above the 23/2 + isomer has been found in the coincidence spectra observed in the out-of-beam period. Nevertheless, several prompt transitions were observed to precede the γ decays out of the 469 ns isomeric state, as indicated in the lower panels of Fig. 3 . The 614 keV transition, which was observed prominently in all the data sets with different targets, is placed just above the 23/2 + isomeric state in 133 I, and by gating on this transition, two parallel cascades stemming from a common 4046 keV level were identified. The order of these γ rays was determined from their relative prompt intensities. Firm spin-parity or multipolarity assignments were not possible, but the 4046 keV state must have J ∼ 31/2.
IV. DISCUSSION
To understand the observed level properties of 131 I and 133 I, a shell-model calculation based on a j -j coupling scheme was performed. The model space considered in the present calculation is the 50-82 shell, including all five available orbits for neutron holes, but only the g 7/2 and d 5/2 subshells for protons. With the doubly magic nucleus 132 Sn as a closed core, the basis states can be described as |(π 3 ) J p ⊗ (ν −x ) J n ; J with x = 4 for 131 I and x = 2 for 133 I. The single-particle energies are taken from the experimental levels of 133 Sb [23] and 131 Sn [24] for the valence protons and neutron holes, respectively. The surface-delta interaction (SDI) is employed for the p-p and n-n interactions, that were adjusted to reproduce the observed level energies of 134 Te and 130 Sn, respectively. The p-n matrix elements were derived from the Schiffer-True interaction [25] in the particle-hole formalism. Figure 5 provides the comparison between the calculated and observed levels in 131 is not taken into account in the present calculation, the excitation energy of the 31/2 − and 33/2 − states should not be much affected by the protons occupying this orbit, which lies 2.8 MeV above the g 7/2 orbit [23] .
As shown in the decay scheme of 130 Te (see Fig. 3 
